Low-temperature hydrothermal system is dominated by Fe-Si oxyhydroxide 16 deposits. However, the formation process and mechanism on modern hydrothermal 17 Fe-Si oxyhydroxides at ultra-slow spreading centers remain poorly understood. The 18 investigation presented in this paper focuses on six Fe-Si deposits collected from 19 different sites at the Southwest Indian Ridge (SWIR). The mineralogical and 20 geochemical evidence showed significant characteristics of a low-temperature 21 hydrothermal origin. The Mössbauer spectra and iron speciation data further provided 22 1 https://doi.
an insight into iron-bearing phases in all deposits. Two different types of 23 biomineralized forms were discovered in these deposits by Scanning Electron 24 Microscopy analysis. Energy-dispersive X-ray spectrometry and nano secondary ion 25 mass spectrometry revealed that distinct biogenic structures were mainly composed of 26 Fe, Si, and O, together with some trace elements. The Sr and Nd isotope compositions 27 of Fe-Si deposits at the SWIR were closely related to interaction between 28 hydrothermal fluids and seawater. The remarkably homogeneous Pb isotope 29 compositions can be attributed to hydrothermal circulation. Based on these findings, 30 we suggest that microbial activity plays a significant role in the formation of Fe-Si 31 oxyhydroxides at the at ultra-slow spreading SWIR. Biogenic Fe-Si oxyhydroxides 32 potentially provide insights into the origin and evolution of life in the geologic record. 1 Introduction 36 Hydrothermal Fe-Si-oxyhydroxide deposits are widespread in many geological 37 settings, such as mid-ocean ridges (Alt, 1988 studies focused on the origin of Fe-Si-oxyhydroxides have been increasing, however 54 little is currently known about the links between these deposits and microbial activity 55 at the ultra-slow spreading Southwest Indian Ridge (SWIR). 56 The ultra-slow spreading SWIR represents the longest segment of the world's 57 slowest-spreading ridge (German et al., 2010; Husson et al., 2015) . The SWIR is subsamples to be used for SEM analysis were fixed with 8% formaldehyde at −20°C 124 in sterile bags, and a separate amount was stored at 4°C prior to nanoSIMS analysis. 125 The rest of the samples were stored in anoxic hermetic bags at −20°C to avoid 126 oxidation. 
Analytical Methods

Mineralogy
143
XRD was employed to characterize the mineralogy of the particles of interest. 144 Samples were freeze dried under anoxic conditions to avoid oxidation during drying. 145 The subsamples were thoroughly ground using a pestle and a mortar, followed by 146 analyses using a D/max2550VB3+/PC X-ray diffractometer (Rigaku Corporation) 147 with Cu Kα radiation at 35 kV and 30 mA. Diffraction angles corresponding to the 148 unique crystal structure of each mineral were measured. The scan speed was 2°149 2θ/min, and the resolution was 0.02°2θ. two-way adherent tabs and allowed to dry overnight. Subsequently, the samples were 154 sputter coated with gold for 30 seconds. All samples were examined using an FEI 155 Apreo SEM equipped with an EDAX energy-dispersive X-ray spectrometer (EDS). 156 The SEM was operated at 2 kV with a working distance of 10 mm Table 1 . All analyzed deposits had Fe2O3 contents ranging from 11.56 to 64.33 wt%, 232 and SiO2 contents ranging from 27.22 to 80.20 wt%. The highest Fe2O3 and SiO2 233 concentrations were found in the purple-red 34II-T22 and brown 20V-T8 deposits, 234 respectively. The two subsamples of DIV95 showed different chemical compositions. 235 The MnO2 concentration of the black layer of DIV95-2 was 30.13 wt%, while the 236 content of SiO2 in DIV95-2 was lower than in DIV95-1. The deposits displayed 237 limited variability in their P2O5 content, which ranged from 0.149 to 0.898 wt%. The (Table   258 2). The O isotopic composition of the hydrothermal deposits was reflected in the 259 poorly crystalline Fe-Si oxyhydroxides, which precipitated from hydrothermal fluids. 260 O isotopic fractionation is often used to calculate precipitation temperature in 261 hydrothermal environments. We reference the δ 18 Ohydrothermal fluid data of the Kairei 262 hydrothermal field in the Central Indian Ridge (Gamo et al., 2001) . The precipitation 263 temperature was calculated by Kita et al. (1985) . The calculated results indicate that 264 the deposits would have precipitated at temperatures across the range 265 28.76-114.66°C, which supports their low temperature origin. 266 The Sr-Nd-Pb isotopic compositions of the deposits are presented in Table 2 
Oxygen Isotope Analysis
Mineralogy of Fe-Si deposits and Mössbauer Spectroscopy
285
The XRD results showed that 2-line ferrihydrite, pyrite, natrojarosite, opal and 286 birnessite comprised the major minerals in the samples (Fig. S2 ). In the spectrum of 287 sample 33II-T8, a broad peak centered at 4.08 Å suggested the presence of opal. The the spectra are presented in Figure 5 and Table 3 . Fe 3+ occurred primarily in four-fold 301 and six-fold coordination with oxygen, representing IV Fe 3+ and VI Fe 3+ components 302 (Burkhard, 2000) . The Mössbauer spectrum of the DIV95-1 was fitted with two filaments, branched structures and twisted stalks (Fig. 4) . The orange-yellowish 347 DIV95-1 deposit was primarily composed of mineralized rod-like forms with a 348 network-like structure (Fig. 4a ). However, the black DIV95-2 deposit was 349 characterized by rosette spherical structures with a main component of Mn, according 350 to EDS results (Fig. 4j ). Spherical morphologies encrusted by iron and silicon were 351 present in the yellowish 21V-T1 deposits (Fig. 4d) . A wide morphological diversity of . Therefore, the entire stalk was expected to show a high concentration of 378 C and N elements, but 12 C and 12 C 14 N signals were relatively low from this stalk. 379 Although we observed more 12 C 14 N signals than 12 C signals in the Fe-stalk, the yields 380 of 12 C 14 N secondary ions adjacent to the surrounding material were much higher. (Table 1) . Boström and Peterson (1969) indicated that hydrothermal deposits can 388 display extremely low Al/(Al+ Fe+Mn) ratios (< 0.4), consistent with our results. 389 Furthermore, the ternary diagrams of Fe-Mn-(Co + Ni + Cu) ×10 of our samples 390 distinguished a hydrothermal, rather than hydrogenous or diagenetic, origin (Fig. 3a) . were widely involved in their precipitation at the SWIR (Fig. 4) , with biogenic 494 Fe-oxyhydroxides in the studied deposits exhibiting various morphologies and sizes. 495 We observed two different types of rich-Fe biomineralized forms occurring in the 496 deposits. In particular, abundant sheaths, stalks and filaments enriched in iron (Fig. 8 ). Furthermore, encrustation of spherical 501 and rod-like forms clearly indicated that were of biogenic origin (Sun et al., 2015) . 
